This experiment aimed at evaluating the effects of including the enzyme, β-mannanase, in dog (Canis lupus familiaris) diets based on either poultry (Gallus gallus domesticus) by-product meal (PBM) or soybean [Glycine max (L.) Merr.] meal (SBM). The second objective was to evaluate 3 methods for determining energy and nutrient digestibility values in diets fed to dogs: total fecal collection (TFC) and use of AIA or crude fi ber (CF) as a marker. Eight dogs were allotted to a replicated Latin Square (4 by 4) design. There were 2 diets based on PBM as the major protein source and 2 diets based on SBM as the major protein source. Within each protein source, 1 diet contained no β-mannanase and 1 diet contained 0.01% β-mannanase. Diets were fed for an adaptation period of 5 d followed by 5 d of TFC. Fecal score (1 = watery feces to 5 = dry, hard pellets), pH, DM, and fecal volume were determined. The apparent total tract digestibility (ATTD) of DM, OM, CP, ether extract (EE), N-free extract (NFE), and GE, and ME content were calculated using the methods of TFC, AIA, and CF. Data were analyzed as a 2 by 2 by 3 split-split-plot design (β-mannanase, protein source, and digestibility calculation procedure). There were interactions between protein source and β-mannanase (P < 0.05). Supplementation of β-mannanase increased ATTD of nutrients and energy and ME (+ 195.3 kcal/ kg) and also reduced fecal production in the diet with SBM, but not in the diet that contained PBM. There was an interaction between digestibility calculation procedure and protein source (P < 0.05). The use of AIA overestimated ATTD of the diets containing PBM, but digestibility values estimated based on TFC and CF were not different. Dogs fed diets containing SBM produced more feces with greater moisture content and lower pH compared with dogs fed the PBM diet (P < 0.05). Addition of 0.01% β-mannanase increased (P < 0.05) the digestibility and ME content of the diets containing SBM, but did not improve (P > 0.05) fecal texture. Results indicated that values for ATTD of energy and nutrients in diets containing SBM are not different if they are calculated based on TFC, AIA, or CF, but use of AIA may result in an overestimation of values for ATTD of energy and nutrients in diets containing PBM.
INTRODUCTION
Poultry by-product meal (PBM) and soybean meal (SBM) are the commonly used protein sources in dry extruded dog foods (Huber et al., 1994) . However, the nutritional value of animal meals is inconsistent (Fahey and Hussein, 1998) . Vegetable protein feedstuffs contain anti-nutritional factors including soluble nonstarch polysaccharides (NSP), such as the β-mannans (Hsiao et al., 2006) .
Non-starch polysaccharides increase the viscosity of the digesta, which may reduce energy and nutrient digestibility (Oakenfull, 1993) . Some NSP may increase water-holding capacity and may be fermentable in the large intestine, which can result in looser stools in dogs (Roberfroid, 1993; Silvio et al., 2000) .
The use of exogenous enzymes may reduce the adverse effects of NSP, as demonstrated by the increase of nutrient use of poultry and swine diets rich in β-mannans (Kim et al., 2006; Li et al., 2010) . However, results relative to the dietary inclusion of exogenous enzymes in dog foods are inconsistent, and more research in this area is needed (Twomey et al., 2003; Yamka et al., 2006) .
The choice of the method to estimate diet digestibility is essential for determination of the effi cacy of dietary enzyme supplementation. The use of markers in digestibility experiments, instead of the total fecal collection (TFC) procedure, has the advantage that shorter collection periods may be used and the quantities of ingested feed and excreted feces do not need to be determined (Sales and Janssens, 2003) . However, diet composition factors may infl uence diet digestibility estimated by markers because of the changes in digesta passage rate and interactions between the marker and dietary components (Scott and Boldaji, 1997; Dourado et al., 2010) .
Therefore, this experiment aimed at evaluating the effects of the inclusion of the enzyme β-mannanase in diets containing either PBM or SBM as the main protein sources on energy and nutrient digestibility and fecal characteristics in dogs. The second objective was to evaluate different calculation procedures for determining energy and nutrient digestibility values in diets fed to dogs.
MATERIALS AND METHODS
The experiment was approved by the Committee of Ethics of Animal Use of the Universidade Federal do Paraná, Brazil.
Animals and Facilities
Eight adult Beagle dogs were used: 4 males and 4 females, between 2.1 and 2.3 yr old, and had an initial BW of 8.6 ± 1.4 kg. All dogs were previously subjected to clinical examination, vaccinated, and drenched. During the digestibility trials, dogs were housed in metabolic cages made of stainless steel measuring 0.7 by 0.6 by 0.5 m.
Diets
Four iso-nitrogenous diets that contained SBM or PBM as the main protein sources and supplemented with 0 or 0.01% β-mannanase (1,000 kMUN/g of β-mannanase; Econase MP1000; AB Vista, Wiltshire, UK) were formulated. The composition of the protein sources are shown in Table 1 . One percent (as-fed) of diatomous earth (Celite; Cross Filter, São Paulo, SP, Brazil) was added to all diets as an AIA external marker when feedstuffs were dosed.
Diets were ground to 0.8-mm particle size and extruded in a single-screw extruder (E-130; Ferraz, Ribeirão Preto, SP, Brazil). Quality was evaluated by measuring the kibble density at the exit of the extruder, and it was considered adequate when the density was 428 to 462 g/L. After extrusion, diets were dried in a triple-deck drier (100 to 110°C), sprayed with chicken fat, and cooled. Betamannanase and powdered fl avor were added immediately after the application of liquid fl avor. A stabilization period of 15 d was used before the diets were fed to the dogs. The formulas and analyzed chemical composition of the experimental diets are shown in Table 2 .
Digestibility
The digestibility trial was conducted according to AAFCO (2004) recommendations, with a 5-d period of adaptation of the dogs to the diets and cages, and 5 d of TFC per period. Diets were offered twice daily (0700 and 1500 h) in amounts suffi cient to supply the metabolizable energy requirements (MER) for the dogs, as recommended by NRC (2006) , according to the equation: MER (kcal/d) = 130 × BW 0.75 . Water was available at all times. Feces were collected at least twice daily, weighed, and stored at −14ºC for each dog and collection period.
Fecal Characteristics
These fecal characteristics were evaluated: total fecal DM, feces production volume, fecal score, and fecal pH. Fecal pH was measured in 2.0 g of fresh feces diluted in 20 mL of distilled water using a digital pH meter (331; Politeste Instrumentos de Teste LTDA, São Paulo, SP, Brazil). Feces were scored always by the same researcher according to a scale from 1 to 5 as follows: 1 = watery feces; 2 = soft, unshaped stool; 3 = soft, shaped, and moist stool, leaving spots on the fl oor; 4 = fi rm, shaped, dry stool; and 5 = hard, dry pellets (small, hard masses). 
Laboratory Analysis
After the collection period, feces were thawed, homogenized, and dried in a forced-ventilation oven (320-SE; Fanem, São Paulo, SP, Brazil) at 55ºC until a constant weight was achieved for the fi rst determination of DM. Dried feces and diets were ground to a 1-mm particle size in a Wiley mill (Arthur H. Thomas Co., Philadelphia, PA) and analyzed for DM at 105ºC, CP (Method 954.01; AOAC International, 1995) , crude fi ber (CF, Method 962.10; AOAC International, 1995), ether extract (EE) after acid hydrolysis (Method 954.02; AOAC International, 1995) , and ash (Method 942.05; AOAC International, 1995) . Gross energy was determined in a bomb calorimeter (Parr Instrument Co., model 1261, Moline, IL). Acid-insoluble ash was determined by the methodology described by Van Keulen and Young (1977) . Nitrogen-free extract (NFE) was estimated as 100 -(moisture + CP + EE + CF + ash). Organic matter was calculated as 100 -ash, and original fecal DM was determined as DM at 55ºC multiplied by the DM at 105ºC divided by 100. The quality of SBM was evaluated by determination of urease activity and dispersible protein index, according to AOCS (1980a,b) .
Calculations and Statistical Analyses
Apparent total tract digestibility (ATTD) was calculated based on the results of feces and diet laboratory analyses according to these procedures: TFC, % = [(g nutrient intake -g nutrient excretion)/g nutrient intake] × 100; and markers, % = 100 -[(% marker in the diet/% marker in the feces) × (% nutrient in the feces/% nutrient in the diet)] × 100.
Metabolizable energy was estimated according to AAFCO (2004):
TFC, kcal/g = {kcal/g GE intake -kcal/g GE excretion -[(g CP intake -g CP excretion) × 1.25 kcal/g]}/g food intake; and markers, kcal/g = ME Marker (kcal/g) = {kcal GE/g food -[kcal GE/g feces × (% marker in the food/% marker in the feces)]} − {% CP food -[% CP in the feces × (% marker in the food/% marker in the feces)] × 1.25}.
Marker recovery rate was calculated as the ratio between the amount of marker intake and total marker amount excreted in the feces. Digesta fl ow rate was determined by dividing marker intake (g/d) by marker concentration in the feces (Johnson et al., 1998) . The AIA was corrected for its recovery rate (AIAc) as: (% AIA in the feces/% recovery rate) × 100 (Dourado et al., 2010) .
Results were analyzed according to a replicated 4 by 4 Latin Square experimental design, with 4 treatments and 4 periods in each square for a total of 8 replicates per treatment in a 2 × 2 × 3 split-split-plot arrangement (β-mannanase addition, protein source, and digestibility calculation procedure). The analysis of fecal characteristics considered only the effects of the β-mannanase addition × protein source. The dog was the experimental unit. Data were evaluated for normality (Shapiro-Wilk test) and then analyzed using GLM procedures (SAS Inst. Inc., Cary, NC). The sums of squares of the model of the ANOVA were separated into effect of animal, effect of period, effects of the main factors (β-mannanase, protein source, and digestibility calculation procedure), and the effects of their interactions (β-mannanase × protein source, β-mannanase × digestibility calculation procedure, protein source × digestibility calculation procedure, and β-mannanase × protein source × digestibility calculation procedure). Differences were considered signifi cant if 
RESULTS

Digestibility
All dogs consumed the total amount of food offered (224 g/d) and no food intake differences were detected among diets. For the TFC procedure, protein source by β-mannanase interactions (P < 0.05) were observed for the ATTD of DM, OM, CP, EE, NFE, and GE, and for ME (Table 3) . Supplementation with β-mannanase increased the ATTD of DM, OM, CP, EE, NFE, and GE, and the ME in the diet containing SBM, but not in the diet that contained PBM. The ATTD of DM and CP was greater in the SBM diet containing β-mannanase than in the other diets. However, when the diet contained SBM and was not supplemented with the β-mannanase, the ATTD of DM and CP were not different from that of the PBM diets, and the ATTD of OM, EE, NFE, and GE, and ME content were less than in the diets containing PBM with or without β-mannanase. The ME of the PBM diet was greater than the ME of the SBM diet if no β-mannanase was used, but that was not the case if β-mannanase was added.
There were interactions between protein source and digestibility calculation procedure for the ATTD of DM, OM, CP, GE, and ME (P < 0.05; Table 4 ). The AIA method overestimated the ATTD of these nutrients and the ME of the diet containing PBM, but not of the diet with SBM, in which the ATTD of nutrients and energy and ME did not differ among the digestibility calculation procedures. When calculated using TFC, CF, and AIAc, the ATTD of the nutrients and energy and ME values were not different in the diet containing PBM. In this case, the ATTD of DM, NFE and GE did not differ; the ATTD of CP was less (P < 0.05); and the ATTD of OM, EE (P < 0.05) and ME (P < 0.05) were greater in the diet containing PBM compared with the SBM-based diet. There were no interactions between β-mannanase and digestibility calculation procedure and among protein source, β-mannanase, and digestibility calculation procedure for the variables studied (data not shown).
The recovery and fl ow rates of the markers are presented in Table 5 . There was an interaction between marker and protein source for the recovery rate (P < 0.05). Acid insoluble ash presented greater recovery rate than CF for the diet containing PBM, but not for Table 3 . Effects of β-mannanase (BM) on apparent total tract digestibility (%) of nutrients and energy and on the ME (kcal/g) in diets based on poultry by-product meal (PBM) or soybean meal (SBM) 1 AIAc = AIA corrected for recovery rate; TFC = total fecal collection; CF = crude fi ber; EE = ether extract; and NFE = N-free extract.
the diet with SBM. Crude fi ber recovery rate did not differ between diets, but had greater digesta fl ow rate compared with AIA (P < 0.05). The fl ow rate obtained with AIA did not differ between diets.
Fecal Characteristics
The β-mannanase did not infl uence fecal score, DM content, or pH, and the interaction between protein source and β-mannanase supplementation was not signifi cant for these variables (Table 6 ). However, fecal volume, on as-is basis, decreased (P < 0.05) in dogs fed the SBM diet with β-mannanase supplementation compared with the SBM diet without β-mannanase, whereas the fecal volume of dogs fed the PBM diets was not infl uenced by β-mannanase (protein source × β-mannanase, P < 0.05). The DM content, fecal score, and pH decreased (P < 0.05), and fecal volume increased (P < 0.05) in dogs fed the diets containing SBM compared with the PBM diets.
DISCUSSION
Digestibility
The enzymes, β-1,4-mannanases, are endohydrolases produced by bacteria and yeasts, such as Bacillus subtilis and Pichia pastoris (Chen et al., 2007) , respectively. These enzymes cleave 1,4-β-D mannan bonds from glucomannan and galactomannan chains, releasing smaller molecules (McCleary and Matheson, 1986) . This reduces intestinal viscosity (Bedford, 1993) and may change the cell wall structure of the grain (Cowieson, 2005) . These alterations allow more effi cient action of digestive enzymes on the feedstuffs and, consequently, greater nutrient absorption by the intestinal epithelium (Choct and Annison, 1992) .
Corn contains approximately 0.2% mannans, whereas SBM contains 1.2 to 1.6% mannans (Choct, 2006; Hsiao et al., 2006) . It is, therefore, possible that the reason we observed a response to β-mannanase only in the SBM-containing diet is that there was not enough substrate in the PBM diet.
Improvements in the digestibility of diets supplemented with exogenous enzymes have also been reported in studies with poultry and pigs fed diets containing SBM. Kim et al. (2006) observed increases in DM, AA, and energy digestibility of a corn and SBM-based pig diet supplemented with 0.05% of an enzyme blend containing α-1,6-galactosidase, β-1,4-mannanase, and β-1,4-mannosidase. Similarly, Li et al. (2010) also reported greater ATTD of CP and ME content when broilers were fed diets supplemented with 0.2% β-1,4-mannanase.
However, Twomey et al. (2003) did not observe any improvement in the ATTD of nutrients and energy in dog diets based on corn or sorghum and supplemented with xylanase, α-amylase, β-glucanase, and other enzymes. Similarly, Yamka et al. (2006) did not report any improvement in ATTD of nutrients and energy in dog foods containing 300 g SBM/kg supplemented with 5.0 g β-mannanase/kg.
Values for the digestibility of energy and nutrients in the diets containing PBM or SBM obtained in this experiment are consistent with previously reported values, with ATTD of CP of 80.3 to 86.3% for diets with SBM, and between 76.9 and 86.9% for diets based on PBM (Zuo et al., 1996; Clapper et al., 2001; Carciofi et al., 2006; Yamka et al., 2006) . The greater ATTD of CP in SBM compared with PBM indicates that CP Table 5 . Recovery rate (RR, %) and fl ow rate (FR, g/100g DM intake/d) of the markers (M) crude fi ber (CF) and AIA obtained in diets based on poultry by-product meal (PBM) or soybean meal (SBM) in SBM is well used by dogs and, therefore, may be used in commercial food formulas, particularly when associated with animal protein sources to provide better indispensable AA balance, especially of Met and Cys.
The differences in ATTD of CP in diets containing PBM observed among studies may be due to variations in PBM composition and processing. Poultry by-product meal may include different proportions of head, neck, feet, back, and intestines, as well as excessive feather inclusion. Moreover, processing temperature, pressure, and time may also affect its quality because of OM carbonization and AA denaturation (Fahey and Hussein, 1998; Johnson et al., 1998; Shirley and Parsons, 2000) .
Despite the high digestibility of SBM protein, its optimal inclusion must be carefully calculated to prevent negative effects on fecal quality and on the digestibility of other dietary nutrient fractions. In a study with increasing SBM inclusion (15.0 to 46.1%), Yamka et al. (2003) reported that, although the digestibility of CP was not affected, the digestibility of DM was linearly reduced with increasing dietary SBM. In the present study, SBM did not affect dietary ATTD of DM or CP; however, ATTD of OM, EE, GE, and ME were reduced when the diet was not supplemented with β-mannanase. According to Eastwood (1992) , fi ber may reduce fat digestibility and, consequently, energy digestibility because fi bers may bind to fats or establish a physical barrier around them, impairing the action of bile acids and lipases on lipids.
The use of CF and AIA as markers adequately predicted the digestibility of nutrient fractions of the diet containing SBM, with almost 100% recovery rates (98.1% ± 2.81 for AIA and 99.2% ± 3.98 for CF). However, AIA overestimated ATTD of the diet containing PBM (recovery rate of 105.2% ± 1.89 vs. 101.5% ± 4.23 for CF). These results are consistent with other studies reporting that AIA may overestimate diet digestibility (Moniello et al., 2001; Stein et al., 2006; Leão et al., 2008) .
Recovery rates > 100% indicate that the amount of marker excreted in the feces was greater than marker intake. Reason for this observation is that there may be incomplete solubilization of minerals soluble in HCl, such as fecal Ca and P, which may have caused the overestimation of AIA content in the feces of the dogs fed the PBM diet.
The AIA values were corrected for 100% recovery rate to minimize errors in the digestibility and ME content determinations in the diet containing PBM. Although this is not a common practice, it can be used when it is necessary to correct the obtained digestibility values, as reported by Dourado et al. (2010) , because the determination requires precise measurements of food intake and fecal excretion.
The use of CF was effective in determining the ATTD of energy and nutrients in all experimental diets, although the recovery rate of CF had a greater SEM than the recovery rate of AIA, with minimum and maximum recovery rates of 73.4 vs. 84.9% and 112.4 vs. 109.4% for CF and AIA, respectively. In addition, ATTD and ME values had a greater SEM when estimated by CF compared with AIA and TFC, which had similar SEM values.
The CF fraction corresponds to the insoluble residue remaining after the sample is boiled in acid and alkali and consists mainly of cellulose, lignin, and part of insoluble hemi-cellulose (AOAC, 1995). Dogs do not produce enzymes that digest cell-wall structural carbohydrates and, therefore, the insoluble fi ber fraction is not changed in the gastrointestinal system (NRC, 2006) . Apparent cellulose digestibility ranges between −0.2 and 1.9% in dogs (Lewis et al., 1994) . The CF recovery rate close to 100% obtained in the present study confi rms that dogs do not digest dietary CF. Carciofi et al. (1998) also demonstrated that CF can be used to predict the digestibility of cat foods, and its results are not different from those obtained using TFC. Those authors also reported that variations in digestibility coeffi cients obtained with CF may be related to analytical errors inherent to the laboratory technique, and were greater than those obtained with AIA in the present study. This indicates that use of AIA may be a more accurate procedure to determine digestibility than CF in diets containing small amounts of minerals soluble in HCl.
Fecal Characteristics
The increase in dietary fi ber concentration that was a result of inclusion of SBM in the diets resulted in less fecal DM content and lower scores. These results are consistent with the observations of Yamka et al. (2003) , who also reported a linear reduction in DM content and greater feces excretion volume with increasing SBM in dog foods.
Despite not changing fecal texture, the supplementation of 0.01% β-mannanase in the diet containing SBM reduced fecal volume, probably because it increased diet digestibility, as discussed by other authors (McCleary and Matheson, 1986; Choct and Annison, 1992; Bedford, 1993) . On the other hand, Yamka et al. (2006) did not observe any improvement in fecal texture or reduction in fecal volume in dogs fed a diet containing 30% SBM with 0.50% β-mannanase.
Soybean oligosaccharides and NSP are highly fermentable in the large intestine, producing lactate and short-chain fatty acids, which may result in an increase in the osmotic pressure in the intestinal lumen, and consequently greater fecal volume and looser stools (Roberfroid, 1993; Silvio et al., 2000) . Fermentation of non-digested carbohydrates in soybeans by the large intestine microbiota was confi rmed by the lower fecal pH of dogs fed the SBM diet relative to the PBM diet. The negative effects of non-digestible carbohydrates in soybeans on the quality of dog feces should be further investigated, as this is one of the main limitations to the use of soybeans in commercial dog foods.
Conclusions
Despite not changing fecal texture, the supplementation of dog food containing SBM with 0.01% β-mannanase reduced the volume of feces produced, and increased dietary protein and energy digestibility. Soybean meal, therefore, may be used in practical diets. The digestibility of dog foods may be estimated using CF and AIA as markers; however, AIA may overestimate the digestibility of diets with high ash content. The inclusion of 30% SBM in the diet may result in looser stools by dogs compared with dogs fed diets containing PBM.
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